Abstract Ionospheric disturbances, often associated with geomagnetic storms, may cause threats to radio systems used for communication and navigation. One example is the super storm on 20 November 2003, when plenty of strong and unusual perturbations were reported. This paper reveals additional information on the dynamics in the high-latitude ionosphere over Europe during this storm. Here analyses of wavelike traveling ionospheric disturbances (TIDs) over Europe are presented, based on estimates of the total electron content (TEC) derived from ground-based Global Navigation Satellite System (GNSS) measurements. These TIDs are ionospheric signatures of thermospheric surges initiated by space weather events. The source region of these TIDs is characterized by enhanced spatial gradients, TEC depression, strong uplift of the F 2 layer, the vicinity of the eastward auroral electrojet, and strong aurora E layers. Joule heating is identified as the most probable driver for the TIDs observed over Europe during 20 November 2003. The sudden heating of the thermosphere leads to strong changes in the pressure and thermospheric wind circulation system, which in turn generates thermospheric wind surges observed as TID signatures in the TEC. Either the dissipation of the eastward auroral electrojet or particle precipitation are considered as the source mechanism for the Joule heating. In the course of the storm, the TEC observations show a southward shift of the source region of the TIDs. These meridional dislocation effects are obviously related to a strong compression of the plasmasphere. The presented results demonstrate the complex interaction processes in the thermosphere-ionosphere-magnetosphere system during this extreme storm.
Introduction
Severe perturbations in the electron density of the ionosphere are closely related to geomagnetic storms [e.g., Jakowski et al., 1990; Fuller-Rowell et al., 1994] . Many of these perturbations can impact the functioning of radio systems widely used for communication and navigation. To mitigate associated performance degradation, it is crucial to understand ionospheric perturbations during geomagnetic storms.
Large-scale traveling ionospheric disturbances (TIDs) occurring during geomagnetic storms have been a well-known phenomenon for decades [e.g., Davis and Rosa, 1969; Maeda and Handa, 1980; Hunsucker, 1982; Jakowski and Putz, 1986; Kersley and Hughes, 1989; Hajkowicz, 1991; Hocke and Schlegel, 1996; Oliver et al., 1997; Ho et al., 1998; Ding et al., 2007; Shiokawa et al., 2003; Afraimovich et al., 2008; Borries et al., 2009; Shimeis et al., 2015] . They are the manifestation of atmospheric gravity waves (AGWs) originating in the auroral region due to thermospheric heating induced by storm-related perturbations. The ionosphere may act as a passive tracer to display the motion of the neutral atmosphere. Recently, the main properties of large-scale TIDs have been described in statistical studies for Japan [Tsugawa et al., 2004] , North America [Ding et al., 2008] , and Europe [Borries et al., 2009] . However, the mechanisms producing large-scale TIDs during geomagnetic storms are still not clear. According to Hajkowicz [1991] and Hunsucker [1982] , two processes are considered to be responsible for the generation of AGWs during a substorm: (1) the Lorentz force ( ⃗ j × ⃗ B) set up by the electric currents of the auroral electrojet and transferred to the neutral gas via collision in the E region; (2) the Joule heating ( ⃗ j ⋅ ⃗ E) = j 2 ∕ c of the neutral air by the electrojet or particle precipitation, where ⃗ j and ⃗ B are the current and magnetic field density, ⃗ E is the electric field strength, and c = (
)∕ P is the Cowling conductivity of the ionosphere with Pederson conductivity P and Hall conductivity H . Oyama and Watkins [2012] , who recently reviewed the latest research on these two processes, noted that there is a tendency for the wind velocity to be correlated with the Lorentz force and for the temperature perturbation to be correlated with Joule heating. Both terms therefore come into play when AGWs are generated in the lower thermosphere. Finally, they pointed out that the contribution of Joule heating increases with altitude (up to a certain limit). The generation of AGW due to Joule heating was demonstrated by Shiokawa et al. [2007] .
The principal factor in both processes is the intensity of the auroral electrojet. A key parameter closely related to the occurrence of TIDs during storm events thus seems to be the amplitude of the auroral electrojet index (AE). This assumption has been confirmed by Ding et al. [2008] and Borries et al. [2009] . The latter found a high correlation between the amplitudes of daytime TIDs over Europe during high solar activity and AE. Similarly, Ding et al. [2008] showed a dramatic increase of the occurrence rate of large-scale TIDs over North America with increasing AE, where at AE = 2400 nT the probability of the occurrence of large-scale TIDs exceeds 60%.
In this paper, TID characteristics and source mechanisms during the geomagnetic storm on 20 November 2003 are investigated. This storm is the largest geomagnetic storm in the 23rd solar cycle [Gopalswamy et al., 2005] and one of the largest ever recorded. It has thus been widely discussed in the past [e.g., Foster et al., 2005; Kataoka et al., 2005; Crowley et al., 2006; Alex et al., 2006; Hori et al., 2006; Mishin et al., 2007; Baishev et al., 2008] . Accordingly, extreme perturbations in the ionosphere during this storm event have been reported [e.g., Jin et al., 2008; Yizengaw et al., 2006; Mayer et al., 2008; Mannucci et al., 2008; De Franceschi et al., 2008] . However, there has been no discussion of TID activity over Europe during this extreme storm event in particular. Our aim here is to present a comprehensive view on the dynamics in the thermosphere-ionospheremagnetosphere system in the source region of the large-scale TIDs during the strong geomagnetic storm on 20 November 2003.
Data Base
Perturbations in the ionosphere are primarily detected by measurements of the total electron content (TEC). A dense network of Global Navigation Satellite System (GNSS) receivers over Europe enables the reliable TEC monitoring and characterization of large-scale TIDs. Maps of TID amplitudes are generated using the algorithms described by Borries et al. [2009] , where the relative TEC is estimated along the line of sight between the satellite and receiver from the differential carrier phases. This relative slant TEC is roughly calibrated with the Neustrelitz TEC model [Jakowski et al., 2011] and then converted with a mapping function by using a single-layer approximation of the ionosphere. The continuous TEC measurements between one satellite and one ground receiver are considered as the link. The TEC perturbation (TID) amplitudes are computed by subtracting a 1 h moving average from the link data. The resulting TEC perturbation data are mapped into a regular grid with the resolution of 1 ∘ in latitude and longitude and 1 min in time.
Large-scale TEC gradients are derived from European TEC maps that are routinely produced by the German Aerospace Center (DLR) [Jakowski, 1996] . These maps are computed from ground-based GNSS measurements provided by the International GNSS Service (IGS) and the European subcommission of the International Association of Geodesy (EUREF). Their resolution is 2.5 ∘ in latitude, 5 ∘ in longitude, and 30 min in time. The TEC amplitude is measured in TEC units (1 TECU = 10 16 electrons/m 2 ). Temporal gradients are computed from two subsequent TEC maps. The absolute spatial TEC gradient
| 2 is computed from the latitudinal and longitudinal gradients extracted from a TEC map. The significance was estimated by calculating the temporal and spatial gradients for the whole year 2003. Gradients are considered as 95% significant, if their amplitude is larger than 97.5% of the 2003 gradients or lower than 97.5% of the 2003 gradients. The spatial and temporal TEC gradients are used as indicators for large-scale disturbance zones, while the TEC perturbation amplitudes described above predominantly indicate perturbations of smaller scales like the TIDs.
Estimations of the polar electrojets are derived from measurements by the International Monitor for Auroral Geomagnetic Effects (IMAGE) magnetometer network [Viljanen and Häkkinen, 1997] . IMAGE currently consists of 35 magnetometer stations (Figure 1 , not all 35 stations were available in 2003) maintained as collaboration of several European institutes. The prime objectives of IMAGE are to study auroral electrojets and dynamic two-dimensional current systems. Here magnetometer measurements from Finland are used to show the electrojet location.
The electrojet index (IE), derived from the IMAGE magnetometers, is used complementary to the auroral electrojet index (AE). Although, IE is not able to show the storm in its full power during morning hours (as the magnetometer chain is not scanning the midnight sector), it presents the local geomagnetic disturbances in northern Europe well. In this case study, IE recorded higher values because, with its low-latitude stations, IMAGE captures activity in the expanded oval more accurately than the standard AE chain. Additionally, the disturbance storm index Dst and the SYM-H index are presented to allow the characterization of the storm phases.
Based on a simple linear model described by Prölss [2006] , we estimate the location of the trough region. Here we assume the trough to be located in the vicinity of the Subauroral Electron Temperature Enhancement (SETE). The model simply describes a linear relation between Dst and the magnetic latitude (mlat) of the SETE.
In this model a = 60.7 and b = 0.08 [Prölss, 2006] have been used.
Vertical sounding measurements are presented from the ionosonde stations Juliusruh, Pruhonice, Rome, and Athens. Their locations are shown on the map in Figure 1 .
Observations
To characterize the magnetic storm of 20 November 2003, Figure 2 shows the Dst index, SYM-H component, the electrojet index IE, and the auroral electrojet index AE (first and second panels). This storm had a rapid onset, i.e., a fast increase of Dst and SYM-H at 8 UT and a steep decrease to the minimum Dst value of −422 nT. The AE rapidly increased from 522 nT to 1129 nT. The maximum AE value during the storm was 1517 nT, reached at 13 UT. The IE showed only a short but rapid increase at the storm onset and reached its maximum value of 2000 nT at 15 UT. There were two times during the storm when the AE decreased for a short while. At 12 UT AE had only 570 nT and at 14 UT it was only 643 nT. The storm onset time is assumed to be at 8 UT, when AE and Dst suddenly increased.
Figure 2 (third panel) demonstrates the TID activity, indicating the amplitude of the perturbations through the color code. It is interesting to note that a weak meridional pattern occurs at storm onset around 08:00 UT in Figure 2 . This immediate response at all latitudes from about 60 ∘ N southward occurs at the same time as the sudden increase of SYM-H and the peak of IE (cf. first and second panels). This perturbation pattern is followed by slanted TEC perturbation signatures. The slope of this amplitude pattern toward lower latitudes (slanted rays) clearly indicates the presence of equatorward propagating TIDs. The first TID starts at about 10 UT at 60 ∘ N, propagates equatorward with a speed of 629 ± 48 m s −1 [Borries et al., 2009] and reaches 40 ∘ N latitude at about 11 UT. Several other TIDs with a period of approximately 1 h follow in the subsequent hours. Interestingly, the later TIDs do not start at 60 ∘ N like the first TID. Their onset region shifts equatorward. The last TID at 17 UT starts at about 43 ∘ N. The white line in this plot (and also in the following plots) indicates the approximate start region of the TIDs. This white line is actually the approximate location of the ionospheric midlatitude trough region according to the trough model described in the previous section. Large perturbation amplitudes can be found north of the TID start region. Their amplitudes exceed 2 TECU. Since they do not show a clear slope or structure, we refer to them not as TIDs but as polar electron density patches. Here the median TEC of the preceding 27 days is used to estimate quiet TEC conditions. During daytime, the TEC increases to more than 50 TECU in middle and lower latitudes. This is about 25 TECU more than the median of the preceding 27 days and an increase by 100%. The minimum TEC in the evening hours can be found 5 to 10 ∘ north of the TID start region. It is located at 60 ∘ N at 15 UT and subsequently shifts equatorward. At 18 UT it is at 40 ∘ N. This seems to be the actual center of the midlatitude trough. In the trough region, there is little deviation from the 27 day median. Here the TEC is 0 to 5 TECU lower than the median TEC. After 15 UT, poleward of the trough region, the TEC increases to up to 18 TECU. This is an increase by more than 10 TECU, or more than 200%. As will be discussed later, this enhancement probably has major contributions from the plasma transport from the American sector, as indicated in polar plots presented in Jakowski et al. [2007] . significantly at all stations. In Pruhonice, it rises at 15:35 UT from 268 km to 382 km within 5 min. At 16:50 UT the F 2 layer is at an altitude of 496 km. In Rome, h m F 2 increases at 16:01 UT from 264 km to 404 km within 15 min. The maximum measured altitude is 491 km at 18:01 UT. In Athens, h m F 2 increases at 16:15 UT from 360 km to 468 km within 15 min. The maximum measured altitude is 496 km at 18:05 UT. The sharp increase of h m F 2 could not be measured in Juliusruh. At the time of the expected increase, the E layer electron density (aurora E layer, magenta crosses in Figure 4 ) suddenly increases significantly. This effect prevented the measurement of the F 2 layer. The same effect causes the missing measurements after 16:50 UT in Pruhonice. thickness varies strongly after 16 UT. Still, at 18 UT it exceeds 600 km. Singular high values of are observed in Rome at 16 UT and in Athens at 16:30 and 16:45 UT. These are regarded as artifacts due to the strong gradients in f o F 2 , which cannot be reflected by the TEC maps, as they only have a 30 min temporal resolution.
The ionospheric equivalent currents [Pulkkinen et al., 2003; Amm and Viljanen, 1999] calculated from the IMAGE ground magnetometers are shown in Figure 5 . The actual ionospheric current system (which may be three dimensional), flowing within the ionospheric E layer at around 100 km altitude, causes magnetic field fluctuations on the ground that are measured by magnetometers. These fluctuations are used to estimate the ionospheric equivalent currents, which are not necessarily equal to the actual currents, but still provide a good estimate of the auroral electrojets' location. The eastward electrojet is indicated by a positive current and the westward electrojet by a negative one. During daytime, strong eastward currents are present. The intensification of the eastward current started at about 8:30 UT. At this time, the strongest current is observed at about 70 ∘ N. In the following hours, the location of the peak eastward currents shifted equatorward. At 15 UT, the center of the eastward electrojet reached 60 ∘ N. At about 16:30 UT the intensity of the westward current increased significantly. Figure 6 shows a schematic overview of the time and location of the approximate TID start region (black line), the approximate center of the eastward electrojet (red solid line), the center of the midlatitude trough (blue dashed line), the maximum spatial gradients (blue solid line), the sudden increase of slab thickness (green crosses), the start of the f o F 2 decrease (green dots), the start of the h m F 2 increase (green squares), and the start of precipitation (green asterisks), estimated from Figures 2-5. It clearly demonstrates the close vicinity of all effects.
Discussion
As observed during many previous storms, large-scale TIDs occurred in midlatitudes over Europe during the superstorm on 20 November 2003 as well. Many wave trains were observed in the time between 10 and 17 UT (Figure 2 ). The amplitude of these wave trains is not constant during this time. While the first one between 10 and 11 UT has a low amplitude of roughly 0.5 TECU, the second at 11 to 12 UT has a higher amplitude of about 1 TECU. The third wave train at 13 UT is weak again and the fourth at 14 UT is strong. The varying amplitude of the TIDs can be related to the varying strength of the auroral electrojet [Ding et al., 2008; Borries et al., 2009] . However, a clear correlation between the TID amplitude and AE or IE cannot be identified in Figure 2 .
Around 8:00 UT we see TEC perturbations equal at all latitudes from 60 ∘ N down to the lower boundary of the TID map in Figure 2 . Figure 7 is introduced for better illustration of this perturbation. It shows the relative TEC measurements (left column) from which the TEC perturbations (right column) are derived for four GNSS stations at different latitudes. In agreement with Figure 2 , a TEC depletion by 1 TECU is visible at about 8:00 UT at all stations below 60 ∘ N. This feature is not attributed to surges but to electric field effects which were probably restricted during daytime to the onset phase before the ring current was developed. Figure 8 shows solar wind measurements indicating the arrival of fast solar wind with high dynamic pressure at 8:03 UT. The IMAGE electrojet index IE indicates the sudden intensification of the eastward electrojet. Figure 8 (bottom) demonstrates that the eastward electrojet is strongest at this time at 70 ∘ N. Convection electric field effects are a suggested cause of the ionosphere and magnetosphere perturbations at 8:03 UT. TEC perturbations caused by an electric field effect have been shown earlier during severe storms [Jakowski et al., 1992 [Jakowski et al., , 1999 Arbesser-Rastburg and Jakowski, 2007] . During the afternoon and evening hours, a very low Dst index indicates a strong ring current. During this time, electric field effects are limited to the polar cap region, e.g., by driving the auroral electrojet resulting in Joule heating and by the E × B drift of ionospheric plasma.
In the vicinity of the TID source region, enhanced large-scale spatial TEC gradients and a sudden TEC depletion are observed (Figure 2 ). The measured amplitude of 0.04 TECU/km is not very large compared to steep gradients observed by [Mayer et al., 2008] with 1.2 TECU/km near Iceland during this same event. However, in contrast to these localized gradients, which were estimated directly from GNSS link data, the gradients shown here are large scale. It should be noted that our gradients are derived from TEC maps where the mapping technique causes some smoothing of spatial structures. On the other hand, the structures are detected with 95% significance levels which confirms their authenticity.
Strong gradients are also seen in ionosonde measurements. The F 2 layer critical frequency (f o F 2 , Figure 4 , blue bullets), which is proportional to the square root of the maximum electron density in the F 2 layer, shows a sharp decrease. The steepest gradient of f o F 2 is hard to detect because of strong fluctuations, which can be associated with the passage of TIDs (most visible in Pruhonice PQ052). However, it seems to coincide with the maximum of the TEC gradients. Furthermore, the observed strong gradients in the TEC and f o F 2 are accompanied by an unusual strong enhancement of h m F 2 . However, the increase of h m F 2 does not coincide with the TID start region, because in lower latitudes the increase of h m F 2 starts more than one hour before the passage of the TID start region. The equivalent slab thickness also revealed a dramatic increase. Here increased rapidly by more than 300 km or more than 100% within 1 h. In Pruhonice, even exceeded 1600 km. The increase seems to be located exactly in the TID starting region.
The described gradients demonstrate strong dynamics in the start region of the TIDs. The decrease of the plasma density (shown by f o F 2 ) and the change of the profile shape shown by the increase of and h m F 2 indicate intensive plasma transport with strong vertical components. Strong Joule heating in the auroral oval latitudes can cause an expansion of the thermosphere, triggering plasma upflow in the ionosphere. The location of the electrojets in Figure 5 and the observation of strong auroras by the Kilpisjärvi auroral camera (not shown here) indicate that the TID start region is in the auroral oval. The observed sudden dramatic increase of the equivalent slab thickness up to extreme heights like 1600 km, is seen as an indicator for that plasma upflow due to Joule heating. The report of a strong spread F at 15:13 UT Juliusruh (observed in the ionogram not shown here), which is related to strong gradients, fits the characteristics of strong heating, too. In case of spread F, the ionosphere is not evenly layered and plasma turbulences do occur. This leads to recordings of ionospheric echoes with multiple angles of arrival coming from all sky directions. However, spread F can be related either to the heating effect or precipitation effects.
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An ion upflow mechanism as described in Semeter et al. [2003] is not considered as the source mechanism for the plasma transport in the TID source region, because this mechanism occurs at the polar cap boundary which is north of the TID source region.
Hence, thermal expansion should be considered as a strong mechanism exciting the observed TIDs. According to the theory described by Volland [1983] , Joule heating in high latitudes leads to the development of two storm wind cells (one in each hemisphere). These storm wind cells are characterized by vertical upward winds in the heating region, meridional equatorward winds in the midlatitude F region, vertical downward winds at the end of the wind cell in middle to lower latitudes (the wind cell expands during the course of the storm toward the equatorial region), and poleward winds in altitudes below the height of maximum heat input. The effect of thermospheric expansion in the vicinity of the heat source transports heavier molecules (O 2 , N 2 ) to greater altitudes where they cause an increase in the recombination rate. The electron density in the bottom side ionosphere and TEC decreases significantly and the F 2 layer height increases. This agrees with the assumption that the heating source is located northward of the TEC and f o F 2 gradients. The heating region will have the lowest TEC. This is the case northward of the TID start region, in the midlatitude trough. In the heating region, we assume the presence of strong currents. At least at 15 UT, we can show the coincidence of the ionospheric trough and the eastward current at 60 ∘ N. Finally, the wind surges start at the equatorward boundary of the assumed heating region. This is shown via the observation of TIDs. While at noon the TIDs start roughly at the location of the steepest gradients of the TEC and f o F 2 , in the afternoon they start closer to the trough minimum. Sudden thermospheric expansion in the heating region thus seems to be a likely excitation mechanisms for the observed TIDs.
It is common knowledge that the high-latitude heat source drives global wind surges [e.g., Prölss, 1995] . The meridional winds transport the plasma upward along the magnetic field lines into altitudes with a lower recombination rate. In Figure 3 , meridional equatorward winds are indicated by enhancements of the TEC and f o F 2 in midlatitudes. In agreement with our knowledge that uplifting by meridional winds maximizes at around 45 ∘ magnetic latitude [Förster and Jakowski, 2000] , we observe maximum TEC enhancement between 40 ∘ N and 50 ∘ N. The delayed increase with decreasing latitude also supports this idea. Meridional winds over Europe on 20 November 2003 at daytime were also presented by Yizengaw et al. [2006] . Additionally, model studies in Crowley et al. [2006] , reproducing strong transport processes from high to midlatitudes during this storm event, support the assumption of thermospheric meridional winds. Using the Thermosphere-Ionosphere-Mesosphere-Electro Dynamics General Circulation Model (TIME-GCM), they show a transport of the ionospheric plasma to greater altitudes over Europe during noon (12 UT), where the ratio of production to loss is greater. They estimated that neutral winds are the main contributor to this effect. However, at noon h m F 2 was below 300 km (roughly 20% above quiet values) at all ionosonde stations. A westward electric field generated by the disturbance dynamo (as described by Yizengaw et al. [2006] ) might have reduced the uplift of the plasma. Downward transport of light oxygen at the equatorward end of the storm wind cell (in the middle to lower latitudes) probably enhanced the [O/N 2 ] ratio leading to increased electron density, while the F 2 layer remained at a relatively low altitude (compared to other storms). Again, the existence of meridional winds supports the assumption that the TIDs are generated by sudden thermospheric expansion.
Very characteristic in the TID observation in this case study is an equatorward displacement of the start region. Such a shift of the origin of large-scale TIDs to higher midlatitudes has already been reported by Hajkowicz [1991] for the great storm of 13 March 1989. He associated the shift with the magnitude of the disturbance, i.e., with the well-known property of the auroral oval to expand equatorward during large magnetic activity. In good agreement, the trough model by Prölss [2006] , which assumes linear equatorward expansion with increasingly negative Dst values, works nicely in our case as the TID origin region closely follows the shift of the trough to lower latitudes (Figure 2 , white line). Since the eastward electrojet is shifting similarly, this supports the relation of the TID origin to the shifting auroral oval. The auroral oval shifts because of strong electrodynamic coupling with the magnetosphere. An intensive compression of the plasmasphere, which is affecting the trough location [Yizengaw and Moldwin, 2005] , has been shown for the superstorm of 20 November 2003 by Bortnik et al. [2006] . The compression reached its maximum around 18:00 UT (plasmapause at roughly two L shell). Furthermore, thickening of magnetospheric lobes is related to a decreasing latitude of the polar cap boundary. Ebihara et al. [2005] The relocation of the auroral zone is also apparent in the ionosonde measurements. Enhanced aurora E layers (crosses in Figure 4 ) were reported at Juliusruh (15:15 UT) and Pruhonice (16:50 UT). They indicate the expansion of the auroral oval down toward the midlatitudes and can be explained by the precipitation of high energetic particles. Blanch et al. [2005] described in detail the precipitation effect observed in the ionograms over Europe during this storm event. Since precipitation starts at the plasmapause footprints (trough region), the record of precipitation effects is in agreement with the hypothesis that the observed TIDs are excited at the equatorward border of the trough region and that the shift of the start region of the TIDs occurred due to the compression of the plasmasphere.
As already mentioned, the TID start region is very close to the center of the eastward electrojet ( Figure 5 ). According to the described extension of the auroral oval, we expect a further equatorward replacement of the eastward electrojet after 15 UT, which could not be measured by the IMAGE magnetometer network. About 30 years ago, Crowley and Williams [1987] , Williams et al. [1988] , and Rice et al. [1988] in a case study based on observations during the Worldwide Atmospheric Gravity Wave Study (WAGS) campaign, already described that auroral disturbances with clear periodicities in the electric field variations were followed by TIDs. Their findings lead us to suggest that in our case the dissipation of auroral currents also caused the heating that excited large-scale AGWs. In good agreement, a varying intensity of the equivalent currents is visible in Figure 5 . However, it is hard to find a correlation between the periods in the current intensity and the TIDs. Next to the currents, strong precipitation effects have also been shown in the TID start region. Heating due to precipitation is a second potential mechanism providing an efficient heat source for the generation of large-scale AGWs. On average, Joule heating rates are larger than particle heating rates because of their extent over larger areas of the ionosphere and longer duration. But the particle heating rate can temporarily exceed the Joule heating rate [Oyama and Watkins, 2012; Crowley and Williams, 1987] . More studies are necessary, e.g., with physics-based models, to gain more knowledge on the source mechanism of the observed TIDs and perturbations.
Summary and Conclusions
The superstorm on 20 November 2003 caused extreme perturbations in the thermosphere-ionospheremagnetosphere system. Here the observation of TIDs has been discussed in relation to other perturbations in the thermosphere-ionosphere-magnetosphere system that have been reported previously.
Several TID signatures have been identified on 20 November 2003, which start shortly after the onset of the storm. The TID start region, which is clearly visible in the TEC observations, is characterized by strong perturbations in the ionosphere. The observations revealed strong TEC gradients, the vicinity of the midlatitude ionospheric trough, gradients in f o F 2 and h m F 2 , precipitation effects, the vicinity of the eastward auroral electrojet, and a very strong increase in the equivalent slab thickness. Furthermore, a rapid equatorward shift of the auroral oval and ionospheric trough resulting from the strong compression of the plasmasphere was associated with a similar shift in the TID origin region. Heating effects have been identified to be the most probable driver for the disturbances observed during the 20 November 2003 storm and especially for thermospheric wind surges which are observed as TID signatures in the TEC. The sudden heating of the thermosphere leads to strong changes in the pressure and thermospheric wind circulation system, which in turn generate thermospheric wind surges causing the observed TID signatures in the TEC.
Since the presented results show the presence of the eastward auroral electrojet as well as indicators for precipitation effects in the start region of the TIDs, we expect one of the two phenomena to cause efficient heating, generating the AGWs that were presented in the TEC measurements. Further studies are necessary to find more information on the source mechanisms for the observed TIDs. Modeling studies might provide more details.
